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Multiple Image Technique (MIT) and Anistropic
Perfectly Matched Layer (APML) In
Implementation of MRTD Scheme
for Boundary Truncations of
Microwave Structures

Qunsheng Cao, Yinchao Cheviember, IEEEand Raj Mittra Life Fellow, IEEE

Abstract—This paper presents an adjustable multiple image the computational capacity and efficiency over those of the
technique (MIT) and an anisotropic perfectly matched layer conventional finite-difference time-domain (FDTD) method
(APML) employed in the context of multiresolution time-do- 91 15] Although the concept of image theory for truncating a
main (MRTD) scheme for the truncation of the computational . . .
boundary, with the MIT used for perfect electrically conducting computational domam bounded t?y perf_ect electric conductors
(PEC) shields and the APML for open structures. We begin by (PECs) has been introduced previously in the context of MRTD
presenting a systematic formulation for developing the constitutive [1], the procedure for generating these images on different
relations and update equations in the transform domain of the sides of a structure is neither obvious, nor straightforward,

MRTD, when considering both the original and image regions. ,aicylarly when complex materials and multiple images are
We then illustrate the applications of the above techniques by involved

analyzing a two-layer dielectric-loaded cavity, printed circuit . ) ) o
enclosed by a PEC, as well as open transmission lines. Although, The MRTD approach described in this paper is different from
in principle, one can employ a large number of images to ensure those published previously in the following two ways. First, we

the accuracy of the MRTD computation, in practice, it is useful, retain the philosophy of the leapfrog algorithm employed in the
from the point-of-view of computational efficiency, to develop a conventional FDTD and place the MRTD scheme in the con-

criterion that determines the number of requisite images. While .
its formulation may appear to be lengthy, the MIT is based text of the FDTD. Second, we present a systematic approach,

on physical concepts that are fairly well suited for computer referred to here as the multiple image technique (MIT), for in-
programming, it places relatively little additional burden on corporating the image theory in the MRTD scheme for boundary
the memory requirement. In addition, it provides the user the truncation of PEC-shielded structures. The primary motivation
flexibility of choosing the number of images along each side of aping introducing the MIT is to provide the user with the flex-
the structure. The computed results for all cases investigated ., .. . .
show excellent agreement with those obtained by using other ibility to vary the number of side images, and .thereby St”,ke
techniques, and yet, the demand on the computational resources @ balance between accuracy and memory saving. An obvious
in the MRTD is much less than that needed in the finite-difference advantage is that the additional images do not require addi-
time-domain algorithm. tional memory in the MIT-MRTD implementation. We illus-
Index Terms—Anisotropic perfectly matched layer, dielectric- trate the application of the MIT by analyzing a two-layer di-
loaded cavity, multiple image technique, multiresolution time-do- electric-loaded cavity, and develop a systematic formulation for
main scheme, printed transmission line. constructing the constitutive relations and update equations in
the MRTD transform domain by utilizing only the field quan-
tities defined in the real structures. Furthermore, we present a
. . ) ] criterion for determining the number of images needed along
T HE multiresolution time domain (MRTD) scheme forgach side of the structure that is based on the localization prop-
solving electromagnetic-field problems, introduced byties of the scaling basis functions. Although, in principle, we
Krumpholz and Katehi [1] and Robertsenal.[2], is based on ¢an construct as many images as we desire, it is highly desir-
expansions of unknown fields in terms of scaling or wavelge to limit their number from the point-of-view of balancing
functions. It has been shown that the use of the MRTD improvgss numerical efficiency and accuracy.
In this paper, we also present a two-dimensional (2-D) version
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II. MIT-MRTD M ETHOD FORPEC-$IELDED STRUCTURES  where the quantities being updated are the expansion coeffi-
A. MRTD Update Equations cients in the field expansions, and their corresponding super-
scripts and subscripts represent the discretized time and space
By using the generalized differential matrix Operatorﬁosnmns respectively. The coefficiea(r), appearing in (6)
(GDMOs) [6], the two curl relations of the Maxwell's equa-3ng (7), may be derived by utilizing a nonorthogonal relation-

tions can be expressed as

ship [1], [4]. Although the summation index in (6) and (7)
spans from positive to negative infinity, it is usually sufficient

g _Oaz 85 gx a g ) to truncate it at nine, by taking advantage of the localized na-
o, o 0 H. | ot | ) ture of the Battle-Lemarie scaling function.
0 -0. 9, E; g | s B. MIT for the Derivation of the Constitutive Relationship
9. 8 0 E at | g The constitutive relationship in the transform domain of the
7] T z | z

MRTD is considerably more involved than its counterpart in

where, for generality, we assume that the relative permittivity ige spatial domain presented in (3). This is because the MRTD-
a biaxial tensor. The associated constitutive relation in the spdinsformedD-field at a particular point is determined not only
domain then becomes

by the E-field at the same location, but also by the distribution
of the E-field in its neighborhood. To solve for the constitu-

D, €z (7) 0 0 e, tive relation in the MRTD domain, we once again represent the
Dy | =0 0 Eyy(7) 0 E,|. () E-ields as expansions in terms of the same basis functions as
D. 0 0 £2:(7) E. (4), and substitute the above expansion into (3). Next, an ap-

In the MRTD dom

and E-fields is no longer valid; hence, we must work simulta-

neously with both

ain, the above local relationship betwéen

theD- and E-fields.

plication of the Galerkin’s method leads us to the constitutive
relationships in the MRTD domain that read

As a first step in the MRTD formulation, we begin by repre- —. io (ean)iv 1 g
senting all the field quantities in terms of the scaling functionin #* gk = 0 v BEJUTT IR G 4,50 K
v,k =—0o0

space and pulse function in time as follows:

(8)
D.(7,t
(71) o where
= > Dl b (@b We(Dha(t) (@)
i,5,k,n=—o00 5.7:.7: il g5 kk’
H,.(7,t) +oo ptoo  ptoo
- =[] tn@sma@e.
= 3 el 5 s Dy () do dy d
okesm= - X ¢i’+%($)¢j’(y)¢k(z)m
r
where ¢(z) denotes the cubic spline Battle—Lemarie scaling = 80k + D [eaa(®) = L& e () (92)
function [7], [8], andh,,(¢) is a rectangular pulse function. Sub- p=l
stitution of the above field expansions into the Maxwell's equa- it 'k
tions, followed by the application of the Galerkin’s method [9], = o ()55, (P) Ve 1 (P)
leads us to the following set of update equations: z2(p) dz
= / ¢i+%($)¢i’+%($)A_
DT = DYy =) N
i+3.5.k i+5.0:k v2(p) dy =2(p) dz
- <[ [ ae)
T Z v {W i+ rEk Ay ww Ay L) Az
(9b)
_ gt ﬁ}
Wit Lkttt Ay where we assume all dielectric objects are rectangularfaisd
(6) the total number of dielectric objects.
ntg n—3 We now present an example of deriving the constitutive rela-

el iy

= ¢ H,J+2,k+2

. At
- % Z a(v) [¢yEi,j+%,k+u+1A—z

v

_gn At
P2 v+ k+ ] Ay

()

tionship for a two-layer dielectric-loaded cavity, shownin Fig. 1.
By expressing

Eaa = €aa (y)

:{?@%

y1(p) <y < ya(p)

otherwise (=12 (10
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Fig. 1. Geometry of a two-layer dielectric-loaded cavity. Fig. 2. Original structure and multiple images in the:-plane.

we can write thec-component of the constitutive relation in thevhere we define the equivalent permittivity matrix in the MRTD

MRTD domain domain as follows:
Ny Ny —Ny
M Y Candig = Y (Eaadigr = D (€an)i
eeDlys =0 Y (ew)iyeatiyy i (A1) §'=0 i'= i’=-1
ir=i-M 2N,
— (€z)jjr — -+ (=)™
with j’-%—i—l "
i—M
r v2(p) dy o Z (€aw)jyr + (=1)"
(Exa)igr = 855+ [en(p) — 1] / OO J'==(m-1)N,~1
p=1 v1(p) Y j+M
(12) x> (e (14a)
j’=mN,+1
where is the number of the sampldd-fields in the MRTD
domain. It is usually set equal to a number slightly greater than in a matrix form as
nine by taking advantage of the localization of the scaling func-
tlolr::'_ ) ant t te that th i . 1 [téacac] = [Eacac]Orig - [El‘l‘]hng(—l) - [Ewl‘]hng (+1) —
is very important to note that the summations in (11) no + (= 1) [Ew gy + (= 1) [Ean g (4m)  (14D)

only cover the original computation domain, but also the entire

image regions, as shown in Fig. 2. In fact, for a PEC-shielde . . , .
structure, all of the field guantities in the image regions Ca%ere them is the number of images. The first term in (14b)

be expressed in terms of the ones inside the original Cav&?rresponds to the original structure, and the rest are associated

structure. Toward this end, we employ the following principle. It|:|1 thte 'Mages. i iterion for determining th ber of
The tangential components of the imagefields (parallel to ext, we present a criterion for determining the number o

the PEC mirror wall) or the normal components of the ima 'g1agem, along they-direction (positive or negative). The crite-
H-fields (normal to the PEC mirror wall) are always odd sy ion is derived from the knowledge of the effective range of the

metric about the original fields, while the normal componentgkﬂas's functions at the PEC boundary locations as follows:

the imageF-fields and the tangential components of the image

H-fields are even symmetric. Using the above guidelines, we INT [M} +1, if M is not an integer

can express all of the image field quantities in terms of the fields 1, = v v (15)
in the original region, and this leads to a degeneration of the , if is an integer

summation index in (11) t&/,,, the grid number along the di- Ny Y

rection, defined only inside the original cavity structure. Conse-h INT is the i ing f ion th I
quently, (11) can be simplified to read where is the integer-converting function that truncates a

the decimal parts of a number. For examplé\if= 10, vV, =

4,m = INT(2.5) + 1 = 3, this implies that we need three

N, images in both sides of they- and —y-directions.

‘?5“”Dzn+%,j,k =eo Z (ém)jyjwag%?j,?k (13) We will qoyv_lllustrat_e '.[he procedure for dgnvmg the equiv-
=0 alent permittivity matrix in the MRTD domain. We consider a
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cavity with the discretization grid numbe¥, = 6 in the y-di-

rection. For the sake of simplifying the notation, we omit the
subscriptz, and write(e.. ), ; Simply ase; ;. In this example,

we chooseV/ = 9 andm = 2. We then have

¢WD?+§,0,k_
WDZ-%,:L,k
¢wa+§,2,k
WDZ-%,?,,k
¢wa+§,4,k
¢$Df+§,5,k
_¢“’D?+§,6,k_
F€00 €01 €02 €03 €04 €05 £06]
€10 €11 €12 €13 €14 €15 £16
€20 €21 €22 €23 €fo4 €25 fop
=€ | €30 €31 €32 €33 €34 €35 €36
€40 €41 €42 €43 €44 €45 €4
€50 €31 €352 €353 €54 €55 £s6
Lé6o €61 €62 €63 €64 E6,5 E6,64
[ ‘?5””’E;L+§,O,k 1
‘?5“’Ein+%,1,k
WE:{L%,M
x 45-7?E?+§,3,k (16)
WEZ-%A,;C
¢$E:4—5,5,k
_‘?5“’Ez‘n+§,6,k_
with
[ex2]Orig
[€0,0 €0,1 €0,2 €03 €04 €0,5 €0,6]
€10 €1,1 €12 €13 €14 €15 €16
€20 €21 €22 €23 €24 €25 €26
= | €30 €31 €32 £33 £34 €35 £36 (17a)
€40 €41 €42 €43 €44 €45 €46
€50 €51 €32 €53 €54 €55 €56
Les,o €6,1 €62 €63 €64 £6,5 £6,64
[Eww]hng (-1)
0 e0,—1 €0,—2 €0,—3 €0,—4 €0,—5 €0,—6]
0 €,1 €1, 2 €,3 €1,4 €15 €1,6
0 €21 €,.2 €23 €24 €25 €2 ¢
= |0 e3-1 €3,-2 €3-3 €3-4 €3-5 €36
0 e4,1 €420 €43 €44 €45 0
0 e5,1 €52 €5-3 €54 0 0
LO €6,—1 €6,—2 €£6,-3 0 0 0 |
(17b)
[Eww]hng (+1)
r 0 0 0 €0,9 €0,8 €0,7 07
0 0 e110 €19 €18 €17 O
0 e211 €210 €29 €28 €7 O
= |e312 €311 €310 €39 €38 €37 0| (17¢)
€412 €411 €410 €49 €48 €47 O
£512 €511 €510 €59 €58 £57 0O
L&6,12 €6,11 €6,10 €69 €6,8 €£€6,7 0

1581
[eelimg (—2)
rO 0 0 €0,-9 €0,—8 €0,—7 07
0 0 0 0 £€1,-8 €1,-7 0
000 0 0 e0_7 O
—loo0o0 o 0 0 0 (17d)
0 0 O 0 0 0 0
0 0 O 0 0 0 0
LO 0 O 0 0 0 0
[Ew]Img(+2)
ro 0 0 0 0 0 07
0 0 0 0 0 0 O
0 0 0 0 0 0 0
=0 0o o 0o 000 (17€)
0 €413 0 0 0 0 0
0 €513 €514 0 0 0 0
LO e6,13 €614 €615 0 0 Ol

where (17a) is associated with the original structure, while
(17b)—(17e) are contributed by the image regions. As seen from
the above equation, these latter contributions to the equivalent
permittivity matrix decreases dramatically with the increase
in the number of image region$nfg). Since the elements of
the equivalent permittivity matrix only depend on the basis
functions and the material properties of the structure, both the
[€.2] and its inverséé,, ]! can be computed in advance and
saved in the MRTD Maxwell solver for the update equations.
Consequently, thé&'-field can be updated as follows:

1 &

- Z ([éxx]_l)17j,q5xD:L+%7J’7k

WE"
€0 ¢
J'=0

it 5.0k T

(18)

where, we apparently only need to compute the product of two
small matrices, whose dimensions are typically six or less in this
study, to update th&'-fields at each time step.

C. MIT in Update Equations

Although, in principle, (6) and (7) can be employed to update
the fields, they are numerically inefficient and somewhat im-
practical for coding and computation because the summations
in these update expressions include both the original and image
regions. In this section, we truncate the summations in these up-
date equations by excluding some of the image field quantities.
This is accomplished by carrying out the following two steps.

Step 1) Express all the field quantities in terms of those de-
fined in the original structure by the MIT technique
described in the previous section.

Step 2) Maintain the values and positions of the coefficients
a(r) unchanged for all of the terms, but express them
only by using the grid indices inside the structure.

Following this procedure, we can rewrite the update equations
for the z-components using the MIT in (19a) and (19b), shown
at the bottom of the following page, wher€, and N, are

the numbers of cells along thg- and z-directions inside
the structure, respectively, and the summation inderelsl [
(1,3,...) andeven(2,4,...)] denote the contributions to the
updated field quantities from the specified odd or even image
regions, respectively.
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Before concluding this section, it would be worthwhile taomputation. Since all of the field quantities usually have small
point out that although (19a) and (19b) are quite lengthy, theymensions, the coefficientsr’) can be computed in advance
are actually quite efficient from the point-of-view of coding anénd saved in the MRTD solver for later use.

N,—1

Ny—1
. n+3 ) .
T Z a(v —j)¢ZHi+%7V+%7k + Z Z a(—(Img —2)- N, —v—j—1)

n _ n
peDits ke = eaDiiy jn
Img =even v=0

v=0
n4i
+ Z (Img - Ny, + v = j) ¢ZHi++%27V+%7k
]\‘ryil ]\ —1
+1 > [ Y a(-Img - N, —v—j-1) +Z (Img - Ny, + v — j)
m=0

Img =odd v=0

Hn+2 At
X ¢z i+l N, —v—1+1 .k A—y

z+2,J v+s3

N.—1 N.—1
+9 > a(v- Koy H' 2+ > <Z a(—(Img —2) N, —v—k—1)

v=0 Tmg =even v=0
N.—1 i1
+ z% a(lmg - N, —i—;/—k)) @HH;M%]
N.—1 N.—1
+ Z <Z a(-Img -N, —v—Fk—-1) +Z (Img - N—‘,—V—k‘))
Img =odd v=0 v=0
nt L At
X ot Nt | (B, (19a)
ntt n—i 1 ok plng
H{(Zy gy = o H7;27H_+u0 Z)a(y— k=1)oy By, + 1 > |- z% a(—(Img —2) N, —v—k—2)
= mg =even =
N1
+ Z a(lmg 'Nz'i""—/f)) ¢yEZj+%,u+1]
m=0
N.—1 N.—1
+ Z <Z a(—IIng~NZ—1/—/€—2)—Za(IIng~NZ+1/—/€)>
Tmg =odd v=0 v=0
Y
X o i1 N 1| (B
L[ N,—1
S DB 4 | Y (- X e (mg —2) N, v -2)
#o v=0 Img =even v=
Ny—1
+ Z (g - Ny +v = 3) | 6B, 41 541
v=0
Ny—1 Ny—1
+ Z Z a(—Img - N, /—1—2)—Za(lmg-Ny+V—j)
Img =odd v=0 v=0
At
(19b)

n
Ez Ny—v— 1k+2 A—y
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I1l. 2-D MRTD ANALYSIS FOR PRINTED TRANSMISSIONLINES

A. Field Construction _

Following the procedure described in [10] and [11], we begir Image I o’

the 2-D MRTD analysis by deriving a set of governing equation: x
for the problem at hand, i.e., the lossless guided-wave structur
shown in Fig. 3. We begin by expanding the field quantities as* Original Structure

* o . .

Ex('I?y?Z?t)?Ey(x y77 t)? 4('% y77 t) ' :
H,(z,y,2t), Hz,y, 2,t), H.(z,y, 2,t)

_ (2, ), 1By (2, y,t), E.(z,y,t) ¢ s
_{_ch(ggy,t),_l"_[,y(a:7y7 ), i H.(x,y,t )} e (20)

where/3 is the propagation constant for the structure. Next, we
use GDMOs to obtain the following governing equations from
the Maxwell’s curl equations:

0o jg8 8,1 [H.
-8 0 -9, |H

-89, 9 O 0
g | e 0 0 ol 0 0
= an 0 g, O + 10 O’Z 0
0 0 e.. 0 0 of
JE
x | ik, (21a)
E.
0 48 9 | [iE.
=i 0 =0 | |JiE,
-8, 9, O E.
o Haaz 0 0 O';n 0 0
0 0 Hzz 0 oz Fig. 3. Cross section of the printed transmission lines and their images.
H, (a) Shielded microstrip line. (b) Open microstrip line.
x | Hy |. (21b)
JH.

obtain a set of field update equations. For instanceztobem-

) _ ponents of the update equations are given by
In practice, we set”" = 0. Note that a printed planar trans-

mission line is usually inhomogeneous in the vertical direc-

tion, but homogenous in the horizontal direction, which leads,H ++2
10 £4a —Ea(y(y)a(a—xaya ) v
S A
B. 2-D MRTD Algorithm = enll ;o Ben
Next, we represent all the field quantities by using scaling 1
functions in space and pulse functions in time. For instance, for -3 a()e Bl | (24
the z-component of the fields, we write 4
oo
At
e n+1 n
I B Z (0% )iar i ) (‘?5“”Ei’+%,j’ * ‘?5“”Ei’+§,j’)
Ea;(xvyvt) = Z ¢wEi+%7j¢i+%(x)d)j(y)hn(t) i,/ =—0o
n,i,j=—00 +oo
+oo jl=—o0
_ "+2
Hy(z,y,t) = Z po ZH_1 pi(z )(/) %(y)hn-i—%(t)' —At|p n+2 +Z n+2 1 (25)
n,i,j=—00 23) oyt i+1,j m)y-H it jtmtl A

Substitution of the field expansions into Maxwell's equationsyhere the coefficient:(1/) is given in [1]. Assuming the con-
followed by the application of the Galerkin’s method, leads us thucting strip is infinitely thin, we can express its conductivity
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in (26), shown at the bottom of this page. Thus, we can exprage can obtain the update equation for theomponent of the

(€zw)j» and(og)ir j,» @s E-field as follows:
— oo dy 27 n+1

(exx)jyr = . ¢ (W)ewa(y) Py (y) A—U (27a) ¢mEi+%7j

+oo +oo Ny
(a;)ii’,jj’ :/_Oo . ¢i+%($)¢j(y)0¢i'+%($) = Z ([A])j7j’¢WEin+%7j’
X s () 2l (27b) =
i’ Y ’ 1 L n+l
ArAy + " Z ([B])M, BeyH, +;j,At
=

By considering image contributions and using the first-order ap-

proximation, we can derive ntl At
T Z a(m)¢ZHi+§,j'+m+1A_u
m e

(02 )i 30 = Tiyir6i,0r55,505,50 (5j,jo + 6j,—jo + 65,20 + - ) (31)
(28)

with
whereé,; is the Kronecker symbol, which is one foe ¢/, oth-
erwise0. Then, we further rewrite the discretized time-domain

i 6; At €8 50 At
equation as (4] = [ém]“,ﬂl]ff 4,0 i [ém]“,_mff d:do
’ 2e9 ’ 2e9
n n 32a
) B] = |[anlj U] —20 =2 32b
TN B [[E b+ } (32b)
2
+oo ;
te ern)i it [ wnEMTY BT ) For a_sh|elded structgre, we need to e_mploy the MIT for con-
0 ; z; (02 <‘?5 g i structing thgé,.,] matrix. Since the matrik4] and[B] only de-

pend on the basis functions and the material properties of the
/JWH"J’% + Za(,,)WH"Jr% Ai] ) structure, they can be computed in advance and saved in the
Y

= At C U
45 5t MRTD Maxwell solver for the update equations.

(29)
C. Application of APML

The summation index in (29) not only includes the regions in _
the interior of the original structure, but also the image regions.Here’ we address the problem of mesh truncation for open

Two types of boundaries are frequently used for truncating tfEUctures. We find that the 2-D version of the lossy uniaxial
grids, i.e., the absorbing boundary condition for open structur@s ML [12] medium is well suited for this purpose. Since the
and the PEC for shielded ones. The PEC boundary is usudllyML iS applied only in the:- andy-directions, the frequency-
handled by using the MIT described earlier. Fig. 3 shows t¢main Maxwell's curl equation in the APML medium can be
original structures, i.e., shielded and open microstrip lines, yaitten as

well as their images. By taking an inverse of the following: 5
H.

e J +jBH,
< WwEL 4 T ) o854, At dy ) };
¥ 7"+%7" T it 5,4 . . z
Lo ~jH,
. OH, OH.
A .o n+1 _ n Y _ >
T €0 Z (5”)“' <¢“’Ei+%,j’ ¢WEi+%J’> Iz 3y
=0 ExaSy
nt} nt} 1 N 0 SE,
i Ty 2 ol Ay =jweo | o  fwie 0 JEy (33a)
v o Sy EZ
(30) 0 0 €250,

T T
a5 < < a5 7 - 7 .
. o, LlA.’E_..’E_LQA.’E, (JoAy 2) <y < (JOAy+2) (A =2,1) (26)
0, otherwise
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oFE

* | BE, update equations of thB-fields, we have empirically proven
dy that, to obtain good absorption, the APML parameters may be
BE, — OF. chosen as follows:
” dz P C P
0L, OF, _ - _ _fot— % _
J axy —-J ay [oFeY Umax NpAOé ’YAt Np ) (Oé .’L’,y)
— —jwo 0 Py Sz 0 H, (33b) whereqy is the starting positionin the direction,d is th(_e tr_uck—
Sy JH. ness of the APML, andV,, is the number of cells within the
0 0 [z S Sy i APML region. In principle, it can be shown that this relation-
ship is consistent with the standard form, which can be derived
with from a plane wave, normally incidence on a PML region. We
found that we can minimize the reflection error, and have good
Sa . .
o o o absorption, if we choosg = 2 and~y = 0.8-1.6.
) for absorption inv direction B
ERE Jweglsewhere (a=2,y). D. Computation of the Propagation Characteristic

(34) Typically, for the printed transmission lines, the two param-
eters of interest are the effective dielectric constaptand the

\ X : .~ characteristic impedanc&,, which can, in general, be derived
Maxwell's equations are applicable to all of the APML regioNg om the MRTD calculated field gquantities. For example, the

which include two side edges, the top wall, as well as the tone_jomain voltage” defined as an integral from the PEC
corners. By expanding the above equations for the case of H?Sund to the strip line can be calculated as follows:
corners, we immediately obtain thecomponents of the fol-

Depending on combination of the valuesspfands,,, the above

. . . i h
lowing governing equations: V= _/ E,(zo,y.to) dy
0H, OH, : 0
5 z_ a;l =jwD, + ?DT (35) No  (141)Ay
ag}/ a‘é‘ OO. = _Z/ EU($0ayat0) dy
== T — _jwB, — “YB,. (36) 1=0 /18y
dy 0z o Ns  o(i+1)Ay
Here, we use a two-step update approach to time-stepping fields = - Z / U/ E,(z,y,t)6(x — x0)
inside APML regions. Following the MRTD discretization pro- 1=0 718y

cedure described previously, we obtain the desirefild up-

date equations X 6(t —to) dx dt} dy

n—+1 N Jore)
gD i+l ) n j
o At = - Z Z ¢yEi7j_l+%(/)i('T0)b(])Ay (40)
1— 5 =0 |i,j—l=—00
&l n .
= TAOt(W/‘DH-%,j whereN; is the number of the cells from the bottom ground to
1+ 55 the PEC strip, and the indexeand; of the summation span the
0 original microstrip line and its image regions. The integral co-
+ 1 Bo, H"JZ% At efficientd(;j) forms a localized distribution with the even sym-
1+0'yAt Y5 metrich(j) = b(—j) listed in Table I. We can apply a similar
2e9 procedure to solve for all required field quantities.
n+i At . . .
+Z a(m)¢zHi+;,j+m+1A_y> (37) E. BHW Function Truncation and Modulation
it m To eliminate the Gibb’s phenomenon that results from an
¢$Ei+%,j abrupt truncation of the time-domain response, Blackman—
” 1 1 Harris (BH) window function is used to truncate and modulate
= 45-7?Ei+§,j + o Z ([5-73] )j,jf the time domain [11]. We write
]/
) { <1+amm> . (B () HY (80)] = [ Bnlta). Hutn)[Wan(ta).
200 ) RS (r=2.9.2) (41)
— <1_ amAt> Dl J} . (38) where[E.(t,), H.(t,)] represents the original time-domain
20 ? electromagnetic fields defined in the MRTD algorithm, and

We can employ the same procedure to obtain the remailiing [E}Y (t,.), H" (t,,)] are the windowed versions. Since the
and H -field update equations. frequency-domain response is the convolution of the fre-
In applications of the MRTD method, we chose the time stepiency-domain signature and its window function, the choice
At to satisfy the stability and limit condition [1] in all simu- of the window function can significantly affect the accuracy
lations. Starting from the convergence condition of the abowé the propagation characteristics. Extremely low sidelobe
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TABLE | TABLE 1l
INTEGRAL COEFFICIENTb(7) RESONANT FREQUENCIES INMEGAHERTZ FOR ANEMPTY CAVITY
V=1x2x15m*Ax =Ay=Az=1/2m)
; 5())
T T e Analytic FDTD [1] | S-MRTD [1] | This Method | Percentage
2 | 09143952 (10x20x15) | (2x4x3) (2x4x3) | Difference
1 0.0385998 125.00 124.85 125.10 124.95 -0.040%
2 0.0095740 180.27 179.75 180.50 180.39 0.067%
3 -0.0086579 213.60 212.40 214.60 214.30 0.328%
7 | noncneog 246.22 244.50 248.70 248.55 0.946%
2| 00050629 250.00 24370 251.00 250.75 0.300%
3| -0.0027034 301.04 298.95 303.90 303.65 0.580%
6 0.0014053 336.34 334.35 339.20 338.91 0.764%
7 | -0.0007203
8 0.0000695 %0
8001
800
700
700[- iy
™ goot-
:600- g
(ﬁ: W 500+
:500 "‘5'
= © 400
w” E
4 400 =
s £y
] =
‘g 300
2
2 200
100 1 0 10 20 30 40 50 60 70
JUL JU JL Frequency (MHz)
% 0 00 50 200 250 300 350 Fig.5. Frequency spectrum &F, atthe locatior1, 2, 1] for a dielectric cavity

Frequency (MHz) with 50% filling.

Fig. 4. Frequency spectrum &F, at the locatior1, 3, 1] for an empty cavity. . o
MIT-MRTD schemes. For a total time step 8 = 10%, it is

levels (92 dB) of the BH window ensures the accuracy dound that the CPU time for the conventional MRTD is about
the extracted frequency-domain signals, while the use of th8.27 s, while that of the MIT-MRTD requires about 27.08 s
conventional rectangular window function, which has a mudd using a 500-MHz Alpha digital workstation. Obviously, this
higher sidelobe level {13 dB), can seriously corrupt theincrementofthe CPU time is due to the use of additional images

frequency signatures, especially for a resonant structure. ~ inthe process of implementing the MIT-MRTD technique. Spe-
cially, we use five images along the positive and negatizi-

IV. NUMERICAL RESULTS rections, and three in the remaining directions. By comparison,
L the conventional MRTD uses only a single image irrespective of
A. MIT-MRTD Application the direction. We also note that the introduction of the MIT in

We have applied the MRTD scheme in conjunction with thihe MRTD scheme enhances the accuracy of the results.
MIT to analyze a number of dielectric-loaded cavities, i.e., an The MRTD analysis of the half- and quarter-filled dielectric
empty cavity, two partially filled (25% and 50%) cavities coneavities, withe,.; = £,0 = 64 ande,.; = 64,2 = 1, respec-
taining a single dielectric medium, and two different two-layetively, also yields excellent results, as is evident from Figs. 5
dielectric-filled cavities. The dimensions of the cavity were saind 6 and Tables Il and IV. Once again, the MRTD scheme is
to be 1x 2 x 1.5 P inthez-, y-, andz-directions, respectively, found to be highly efficient, when compared to the conventional
in all of these cases. FDTD method, since it requires only 0.8% and 1.2% of the CPU

We begin with an empty cavity that is discretized withk2 memory for the above two cases. The accuracy of the MRTD
4 x 3 cells. The frequency spectrum bf, sampled at the grid technique is again improved (except one frequency point) when
point[1, 3, 1] is displayed in Fig. 4, and the extracted resonaittis combined with the MIT.
frequencies for the dominant and higher order modes are sumNext, we consider a two-layer dielectric-filled cavity using
marized in Table Il along with the discretization parametersnly 2 x 6 x 3 cells to discretize the computational domain.
It is evident that the results obtained with the MRTD schem&e investigate the following two cases; = 64,¢,., = 8 and
show good agreement with both the analytical results and with, = 8,¢,2 = 64 with N,; = N,» = 1.5 cells. The structure
those derived by using the FDTD. However, the MRTD schentémensions still remai’’ = 1 x 2 x 1.5 m?. We also ana-
demands only 0.8% of the computational resources neededyire the same problem using the traditional FDTD mesh with
the conventional FDTD technique. In addition, we have invea-discretization ofAx = Ay = 2.5 cm andAz = 3 cm, i.e.,
tigated the required CPU time for conventional MRTD and th40 x 40 x 50 cells. As seen from Figs. 7 and 8 and from Table V,
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Fig. 6. Frequency spectrum &f, at[1, 3, 1] for a dielectric cavity with 25%

filling.

TABLE Il

RESONANT FREQUENCIES INMEGAHERTZ FOR APARTIALLY FILLED
DIELECTRIC CAVITY WITH 50% HLLING (.1 = €2 = 64; N1 = Nyp =
15;V=1x2x15m*Ac=Ay=Az=1/2m)

1587
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Fig. 8. Frequency spectrum &f, for a two-layer dielectric-loaded cavity.

TABLE V
RESONANT FREQUENCIES IN MEGAHERTZ FOR
A TWO-LAYER DIELECTRIC-FILLED CAVITY
(Ny1 =Ny =15 V=1x2x15m*Ae =Az=1/2,Ay =1/3m)

Case FDTD This Method | Percentage
(40x40x50) (2x6x3) Difference
(i) 26.388 26.398 0.038%
(if) 20.681 20.752 0.343%

Analytic FDTD [1] S-MRTD (1] | This Method | Percentage
(10x20x15) (2x4x3) (2x4x3) Difference
18.627 18.615 18.715 18.692 0.349%
27.172 27.140 27.350 27.313 0.519%
29.375 29.215 29.580 29.526 0.514%
35.069 34.970 35.280 35.247 0.507%
TABLE IV

RESONANT FREQUENCIES INMEGAHERTZ FOR APARTIALLY FILLED
DIELECTRIC CAVITY WITH 25% HLLING (£,1 = 64,8,2 = 13 Ny1 = Nyo =
15;V=1x2x15m*Ax =Az=1/2,Ay=1/3m)

Analytic FDTD [2] S-MRTD [2] | This Method | Percentage
(10x20x15) (2x6x3) (2x6x3) Difference

27.290 27.250 27.370 27.313 0.084%
37.136 37.000 37.370 37.323 0.503%
42.343 42.200 42.420 42.602 0.611%
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“
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Fig. 7. Frequency spectrum &f, of a two-layer dielectric-loaded cavity.
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Fig. 9. Effective dielectric constant.;; versus frequency of a shielded
microstrip line withw = h = 1.27, a = b = 12.7 mm.

cases, respectively. However, the MIT-MRTD scheme only uses
0.045% of the computational resources relative to the conven-
tional FDTD algorithm.

B. 2-D MRTD Application

We consider a shielded microstrip line shown in Fig. 3(a),
whose trace is assumed very thin and perfectly conducting.
Fig. 9 shows that the propagation characteristics derived from
an application of the present 2-D MRTD scheme agree quite

the two sets of computed results agree very well with each othveell with those derived from the spectral-domain approach
and the percentage differences are 0.038% and 0.343%, for @BA) [13].
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Fig. 10. Frequency dependence of propagation characteristics of a shiequ%ostrip
microstrip line withw = h = 1.5, a = 6.5, b = 3.5 mm, ¢, = ¢
9.4, ¢,, = 11.6. (8)cor. (b) Magnitude ofZ, in 2.

n

TABLE ViII

TABLE VI DISCRETIZATION DIMENSIONS OF ANOPEN MICROSTRIPLINE (ET =13.0)

DISCRETIZATION DIMENSIONS OF A SHIELDED MICROSTRIPLINE
(e = €22 = 94,8, = 11.6)

Method Ax (mm) Ay (mm) Ny Ny

Method | A¥(mm) | Ay (mm) N, N, 2D-MRTD | 005 0.0333 21 12

2D-MRTD 0.5 0.5 13 7 2D-FDTD | 00125 0.0125 110 30

2D-FDTD | 0.125 0.125 52 28 3D-FDTD | 0.0125 0.0125 55 30
3D-FDTD | 0.125 0.125 52 28

of cells needed in the MRTD and FDTD technique is presented

Next, we study the propagation characteristics of a shieldedTable VI, and the relative advantage of the former is evident
microstrip line, shown in Fig. 3(a), whose dimensions arfdom the table.
substrate material are given in the caption of Fig. 10. We Finally, we investigate an open microstrip line, whose geom-
observe, from Fig. 10, that the MRTD-computed results are @try is specified in Fig. 3(b). Once again, from Fig. 11, we ob-
good agreement with those published in the literature, derivedrve good agreement between the computed results and those
by using the FDTD [11]. For this case, the distance from thaerived by using the FDTD method [11], [14], as well as the em-
air—dielectric interface of the structure to the inner surface pfrical approach [15], [16]. The corresponding discretization pa-
the APML is seven cells. The corresponding discretizatiaolmmeters employed in the FDTD and MRTD methods are sum-
parameters employed in the FDTD and MRTD methods anearized Table VII. We note that the memory required in the 2-D
summarized in Table VI, and a comparison of the total numbBIRTD method is only about 6.25% or 7.64% of the 2-D-FDTD
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scheme for the same shielded and open microstrip lines, respdt2] S. D. Gedney, “An anisotropic perfectly matched layered-absorbing
tlvely We further notice that, to ensure Computat|0nal accuracy, medium for the truncation of FDTD lattices|EEE Trans. Antennas

we must employ at least two cells along the width of the narrow, 5,

Propagat, vol. 44, pp. 1630-1939, Dec. 1996.
T. Itoh and R. Mittra, “A technique for computing dispersion character-

PEC strip. istics of shielded microstrip lineJEEE Trans. Microwave Theory Tech.

vol. MTT-22, pp. 896-898, Oct. 1974.
[14] W. D. Becker, “The application of time-domain electromagnetic field
V. CONCLUSION solvers to computer package analysis and design,” Ph.D. dissertation,
Dept. Elect. Comput. Eng., Univ. lllinois at Urbana-Champaign, Urbana,

In this paper we have presented an adjustable MIT, whichcan || “jg93.
be incorporated in the MRTD scheme for the boundary trun{15] P. Pramanick and P. Bharti, “An accurate description of dispersion in
cation of PEC-shielded structures. We have also developed a_ microstrip,”Microwave J, pp. 89-96, Dec. 1981.

[?6] K. C. Gupta, R. Grag, and R. Chadizgmputer-Aided Design of Mi-

2-D version of the MRTD and have applied it in conjunction crowave Circuits Norwood, MA: Artech House, 1981.
with an APML mesh truncation technique for the analysis of
both shielded and open microstrip lines. We have developed a

systematic technique for constructing the multiple images, ex-
tracting the constitutive relations, deriving the update equatior
and determining the number of images in the transform domz
of the MRTD. The propagation characteristics computed via t|
MRTD have been shown to be in good agreement with those ¢
tained by using other numerical techniques. The computatiol
resources needed in the MRTD scheme are only a small fract
of those of the FDTD algorithm, albeit the computational co
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